Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

8-6-2021

Kinetic spectroscopic quantification of biomarkers in practical
samples
Weiyu Peng
1997pwy@gmail.com

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Peng, Weiyu, "Kinetic spectroscopic quantification of biomarkers in practical samples" (2021). Theses
and Dissertations. 5288.
https://scholarsjunction.msstate.edu/td/5288

This Graduate Thesis - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

Template C with v4.3 (beta): Created by T. Robinson 01/2021

Kinetic spectroscopic quantification of biomarkers in practical samples
By
TITLE PAGE
WEIYU PENG

Approved by:
Dongmao Zhang (Major Professor)
Todd E. Mlsna (Committee Member)
Joseph P. Emerson (Committee Member /Graduate Coordinator)
Rick Travis (Dean, College of Agriculture and Life Sciences)

A Thesis
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Master of Science
in Chemistry
in the Department of Chemistry
Mississippi State, Mississippi
August 2021

Copyright by
COPYRIGHT PAGE
WEIYU PENG
2021

Name: WEIYU PENG
Date of Degree: August 6, 2021
Institution: Mississippi State University
Major Field: Chemistry
Major Professor: Dongmao Zhang
Title of Study: Kinetic spectroscopic quantification of biomarkers in practical samples
Pages in Study: 59
Candidate for Degree of Master of Science

Kinetic spectroscopic quantification refers to a subset of chromogenic (CG) and
fluorogenic (FG) assays that deduce analyte concentration based on the UV-vis or fluorescence
signal obtained during the CG/FG reaction processes. Existing kinetic spectroscopic quantification
are based predominantly on reactions that can be approximated as a first-order process. Presented
in this thesis is the kinetic spectroscopic quantification that uses higher order CG/FG reactions
where the overall reaction can be approximated as combination of two sequential first-order
processes. Included in chapter one is the theoretical model and several proof-of-concept
applications. This model analyte is malondialdehyde (MDA), a lipid peroxidation biomarker of
broad interest. Chapter two describes the study of the effects of the reaction solvent, temperature,
acid catalyst, and calibration method on the assay performance. The most rapid MDA assays
achieved so far is 3 mins, 30 times more efficient than the current equilibrium spectroscopic
quantification.
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CHAPTER I
KINETIC SPECTROSCOPIC QUANTIFICATION USING TWO-STEP CHROMOGENIC
AND FLUOROGENIC REACTIONS: FROM THEORETICAL MODELING TO
EXPERIMENTAL QUANTIFICATION OF BIOMARKERS IN
PRACTICAL SAMPLES
This work has been published: Peng, W.; Athukorale, S.; Hu, J.; Cui, X.; Zhang, D. Kinetic
Spectroscopic Quantification Using Two-Step Chromogenic and Fluorogenic Reactions: From
Theoretical Modeling to Experimental Quantification of Biomarkers in Practical Samples.
Analytica Chimica Acta 2021, 1153, 338293.
1.1

Abstract
Kinetic chromogenic (CG) and fluorogenic (FG) quantification deduces analyte

concentration based on the reaction rate between the CG/FG probe and its targeted molecule. Little
progress has been made in the past half century in either the theory or the applications of the kinetic
spectroscopic quantification methods. Current kinetic CG/FG quantification is limited only to a
subset of CG/FG reactions that can be approximated as the single-step process, and more
problematically, applicable to research samples with no matrix interferences. Presented in this
chapter is the first kinetic quantification model established for multistep CG/FG reactions and a
proof-of-concept demonstration of direct kinetic FG quantification of biomarkers in practical
samples. The kinetic spectral intensity of the CG/FG reactions with two rate-limiting steps
comprises three temporal regions: an accelerating period where rate of spectral intensity increase
1

is increasingly rapid, a linear region where the rate of spectral intensity change is approximately
constant, and a deceleration region where the rate of spectral intensity increase becomes
progressively small. Kinetic quantification is performed through simple linear-curve-fitting of the
kinetic spectral intensity in its linear time-course region. The theoretical model is validated with
the dual CG/FG 2-thiobarbituric acid (TBA) and malondialdehyde (MDA) reaction. Proof-ofconcept kinetic spectroscopic quantification of analytes in practical samples is demonstrated with
the FG quantification of MDA in canned chicken. The only sample preparation is bench-top
centrifugation followed with two sequential syringe filtrations. The total kinetic FG assay time is
less than 10 minutes, more than 10 times more efficient than the current equilibrium-based MDA
assay. The theoretical model and the measurement design strategies offered by this work should
help transform the current kinetic spectroscopic quantification from a niche research tool to an
indispensable technique for time-sensitive applications.
1.2

Introduction
CG- or FG-reactions refer to chemical reactions where the products are uniquely UV-vis

or fluorescent active. CG/FG reactions have been used extensively in chemical, environmental,
clinical, and biological assays including intracellular fluorescence imaging.1,2 Up to date,
thousands of CG/FG probes have developed for imaging and quantifying chemical and biological
species including metal ions,3–5 nerve agents,6–9 illegal drugs,10 reactive oxygen/sulfur/nitrogen
species,11–18 virus,19 proteins/DNAs,2,20 and metabolites,21 which is collectively referred to as
biomarkers in this chapter. Commercial “biomarker-specific” CG/FG probes are available from
vendors including Fisher, Sigma-Aldrich, Cayman, Luminoprobe, etc. Further, developing new
CG/FG probes with improved selectivity and sensitivity for existing and emerging biomarkers
remains a highly active area of research in chemistry and biology.22–27
2

In stark discordance to enormous activities in the CG/FG probe design, optimization, and
applications, however, research on the CG/FG assay strategies have been stagnant. Existing
CG/FG assay uses predominantly equilibrium quantification that deduces the biomarker
concentration using the spectral signal acquired after the completion of the reactions between the
CG/FG probes and their targeted analytes. While the equilibrium quantification is straightforward
in both theory and measurement design, but it is unsuitable for time-sensitive applications such as
medical and environmental emergency, product-line quality control, and battleground chemical
warfare detection. First, the spectral measurement in equilibrium quantification must be performed
only after the completion of the CG/FG reaction. Second, for practical samples equilibrium-based
spectroscopic quantification often requires time-consuming post-reaction high performance liquid
chromatography (HPLC) separation, further reducing its assay efficiency.
Kinetic quantification deduces the analyte concentration basing on reaction rate monitored
through spectrophotometric, potentiometric, fluorometric, or amperometric measurement.28,29
Since it relies the data acquired during, instead of after the reaction, kinetic quantification is more
efficient than equilibrium techniques for chemical quantification. However, despite its obvious
advantage, the kinetic spectroscopic quantification has remained as a niche research tool since its
initial development between 1960s and 1980s.30–32 The past half century has seen little progress in
either the theory or the applications of kinetic CG/FG quantification methods. One key problem
that has damped the initial interest on kinetic spectroscopic quantification is the susceptibility of
the kinetic spectroscopic methods to matrix interference in practical samples. For equilibrium
spectroscopic quantification, the matrix interferences are removed using combination of prereaction sample preparation and post-reaction sample separation. For kinetic spectroscopic
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quantification, however, one must rely exclusively on the pre-reaction sample preparation and
effective reaction design to mitigate the matrix interferences.
Matrix can impose both chemical and spectroscopic interferences to the kinetic
spectroscopic quantification. There are three types of chemical interferents: 1) matrix chemicals
that can compete with the analyte to react with the probe; 2) matrix chemicals that can compete
with the probe to react with the analytes; and 3) matrix chemicals that can perturb the reaction rate
between the probe and its targeted analyte by changing the physical properties of the reaction
solutions such as pH, ionic strength, and viscosity. Matrix optical interferents can also be divided
into two types: direct optical interference due to the light absorption, scattering, and fluorescence
of the matrix species, and indirect optical interference imposed by matrix species through changing
the optical activities of the CG/FG product formed by the probe and its targeted analytes. While
pre-reaction sample preparation can reduce matrix complexity by for example filtration removal
of matrix particulates and protein/DNA precipitation, it is unrealistic to completely remove any
type of interferents before the CG/FG reactions. Further, to ensure efficiency of kinetic
spectroscopy quantification, it is critical to reduce the sample preparation time as much as possible.
Therefore, an efficient kinetic spectroscopic assay strategy must be robust enough to overcome the
matrix effects with the minimally prepared samples.
Another difficulty limiting the broad application of the current kinetic spectroscopic
quantification is the need for flow-cell systems. Existing kinetic spectroscopic quantification is
developed for CG/FG reactions that can be approximated as a single step process. Under the
condition that the CG/FG probe is in large excess to the analyte, the initial rate of the CG/FG
reactions is linearly proportional to the analyte concentration. Due likely to this historical reason,
the kinetic spectroscopic quantification is often referred to the initial rate method. One well-known
4

such examples is the kinetic spectroscopic quantification of substrate/enzyme concentration based
on enzymatic CG/FG reactions that follow the Michaelis-Menten mechanism.33 While this initial
rate approach is conceptually simple, it imposes a significant constraint on the spectrometers that
can be used for kinetic spectroscopic quantification. To ensure reliable estimation of the initial
reaction rate, one needs to minimize the measurement deadtime between the preparation of the
reaction solution and the first kinetic spectroscopic quantification. While a flow-cell system allows
one to reduce such measurement deadtime to a few milliseconds, it can be prohibitively costly for
most researchers.
The main objective of the research described in this chapter is to explore ways to improve
the efficiency of current CG/FG-based chemical quantification by 1) developing kinetic
spectroscopic quantification for stepwise CG/FG reactions that involves two rate-limiting steps,
and 2) exploring the experimental strategy that allows direct kinetic CG/FG quantification of
chemicals in practical samples with no or minimal sample preparations. As it will be shown later,
the stepwise CG/FG reactions allow one to perform kinetic spectroscopic quantification using the
conventional spectrometer without flow-cell system. Experiential validation of the kinetic
spectroscopic quantification model was performed using dual CG/FG TBA reaction with MDA as
the model reaction.
TBA/MDA reaction was selected for two reasons. The first is the importance and
popularity of MDA assay. As an established biomarker of lipid peroxidation, MDA is likely among
the most routinely measured chemicals in biological, environmental, and food research and
industry. The number of MDA-containing English journal articles steadily increases in the past 10
years. 2019 alone saw over 9,000 of such articles (Figure 1.1). Most of current MDA assays use
the equilibrium spectroscopic quantification. The general procedure of the MDA assay in practical
5

biological and food samples include obtaining the sample extracts, followed by TBA/MDA
reaction at elevated temperatures for one hour or so, and subsequently HPLC separation with UVvis or fluorescence quantification.34–37 The total assay time for the sample extracts to spectroscopic
quantification is two hours. Evidently, there should be a great deal of interest for enhancing the
efficiency of the MDA assays.

Figure 1.1

Number of malondialdehyde-containing publications from year 2000 to 2020.
Numbers from 2000 to 2019 are actual and number for 2020 is predicted. The data
were obtained from Scifinder on 12/04/2020 by using the key word of
“Malondialdehyde” and refined with the document type of “Journal” and language
type of “English”. The data for year 2020 is deduced from the number of
publications up to 12/04/2020.

The second reason for choosing TBA/MDA reaction is its reaction complexity (Scheme
1.1).38 TBA/MDA reaction is among the most mechanistically complicated CG/FG reactions
reported in literature. The formation of each TBA/MDA adduct involves two intermolecular
processes and at least three intramolecular processes. We hypothesis that the kinetic spectral
change of the TBA-MDA reaction is limited by the intermolecular processes.

6

The proof-of-concept of direct kinetic spectroscopic quantification of biomarkers in
practical samples were performed for MDA in canned chicken. The only sample preparation is
centrifugation removal of the big chicken chuck using a benchtop centrifugation machine,
followed by two-stage syringe filtration. Kinetic quantification is performed by adding a miniscule
amount of the filtrated sample to a large excess TBA solution that is preheated in a fluorescent
cuvette to the reaction temperature before the sample addition.

Scheme 1.1

1.3

Possible mechanistic reaction pathway for the TBA/MDA reaction that involves two
intramolecular process and several intramolecular processes.

Theoretical Consideration
For the sake of completeness, we developed the kinetic spectroscopic models for CG/FG

reactions that involves one (Eq. 1.1) and two (Eq. 1.2 and Eq. 1.3) rate-limiting steps. Detailed
derivation of the theoretical model is given for the two-step CG/FG reactions. Only the model is
given for the one-step CG/FG reactions.

7

1.3.1

P + B → PB

(1.1)

P1 + B → P1 B

(1.2)

P2 + P1 B → P1 P2 B

(1.3)

Kinetic Spectroscopic Model for CG/FG with One Rate-limiting Step (Eq. 1.1)
Under Condition #1 that the probe concentration is in large excess than the biomarker

concentration (CP ≫ CB ) and Condition #2 that the spectral intensity is proportional to CG/FG
product concentration with a proportionality constant K(T), the time-dependent spectral intensity
I(T, t)obtained during the CG/FG reaction process is expressed with Eq. 1.4 where T and t are
reaction temperature and time, respectively, k(T) is the pseudo first-order reaction rate constant
derived based on Eq.1.1.
The reaction rate expressed by the PB formation is Eq. 1.4 where k(T) is the second-order
rate constant at temperature (T).
d[PB]
(1.4)
= k(T)[P][B]
dt
Under Condition #1 that CP ≫ CB and using the mass balance equations of Eq. 1.5 and Eq.
1.6, Eq. 1.7 to Eq. 1.12 can be readily derived.
CP = [P] + [PB]

(1.5)

CB = [B] + [PB]

(1.6)

CP = [P]

(1.7)

d[PB]
= k(T)CP [B]
dt
d[PB]
= k(T)CP [CB − [PB]]
dt
d[PB]
= k(T)CP dt
CP − [PB]
8

(1.8)
(1.9)
(1.10)

ln(CB − [PB])|t0 = −k(T)CP t

(1.11)

[PB]t = CB (1 − e−k(T)CP t )

(1.12)

Eq. 1.12 shows that under the Condition #1, the nominal second-order P/B reaction can be
simplified as a pseudo first-order reaction. Under Condition #2 that the spectral intensity is
proportional to [PB] concentration with a proportionality constant K(T), the time-dependent
spectral intensity I(T, t)obtained during the CG/FG reaction process is expressed with Eq. 1.13.
I(T, t) = K(T)CB (1 − e−k(T)CP t )

(1.13)

Under Condition #3 that k(T)CP t is small (≤ 0.05), Eq. 1.13 can be is further simplified
into Eq. 1.14 through simple Taylor expansion of 𝑒 𝑥 (𝑒 𝑥 = 1 + 𝑥 when 𝑥 → 0)
I(T, t) = K(T)k(T)CP CB t

(1.14)

Since both K(T) and k(T) are constant, Eq. 1.14 shows that i) the kinetic spectral
intensity of the CG/FG reaction solution has a linear time course region from t=0 to
t=0.05/ k(T)CP , ii) the slope of the kinetic spectral intensity in its linear time course region is
linearly proportional to the analyte concentration (Eq. 1.15).
m(T) = K(T)k(T)CP CB

(1.15)

Once one establishes the kinetic spectroscopic calibration curve relating the slope of the
kinetic spectral intensity change as a function of the biomarker concentration, quantification of the
analyte concentration is straightforward based on the initial rate of the kinetic spectral intensity
change.
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1.3.2

Kinetic Spectroscopic Model for CG/FG with Two First-order Rate-limiting Steps
(Eq. 1.2, Eq. 1.3)
Under Condition #1 (the probe concentration is in large excess than analyte) and Condition

#2 (the spectral intensity is proportional to analyte concentration) specified in the previous
subsection, the kinetic spectral intensity of the CG/FG reaction solution can be mathematically
expressed as Eq. 1.26.
The rate of the P1 B concentration change is mathematically expressed using Eq. 1.16.
d[P1 B]
= k1∗ (T)[P1 ][B] − k ∗2 (T)[P2 ][P1 B]
dt

(1.16)

k1∗ (T) and k ∗2 (T) are the second-order rate constant for the element reactions Eq. 1.2 and
Eq. 1.3, respectively. Assuming the starting P1 , P2 and B concentrations are CP1 , CP2 and CB,
respectively.
Under condition when CP1 = CP2 = CP ≫ CB , Eq. 1.19 is deduced from Eq. 1.17 and Eq.
1.18.
CP1 = [P1 ] + [P1 B] + [P1 P2 B]

(1.17)

CP2 = [P2 ] + [P1 P2 B]

(1.18)

[P1 ] = [P2 ] = CP

(1.19)

Replacing [P] with CP leads to Eq. 1.20, where k1 (T) = k1∗ (T)CP and k 2 (T) = k ∗2 (T)CP ,
the pseudo first-order reaction rate constants for the element reactions described with Eq. 1.2 and
Eq. 1.3, respectively.
d[P1 B]
= k1 (T)[B] − k 2 (T)[P1 B]
dt
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(1.20)

Using Eq. 1.22 deduced from Eq. 1.21, and the condition that the initial P1 B concentration
is zero, one can solve the differential equation Eq. 1.20 for determination of the P1 B concentration
as a function of reaction time (Eq. 1.23)
d[B]
= k1∗ (T)[P][B] = k1 (T)[B]
dt

(1.21)

[B] = CB e−k1(T)t

(1.22)

[P1 B] =

k1 (T)
(e−k1(T)t − e−k2(T)t )CB
k1 (T) − k 2 (T)

(1.23)

Substituting Eq. 1.22 and Eq. 1.23 into Eq. 24 with simple mathematical manipulation
leads to the expression of the CG/FG reaction product (Eq. 1.13).
CB = [B] + [P1 B] + [P1 P2 B]

(1.24)

k1 (T)e−k2(T)t − k 2 (T)e−k1(T)t
[P1 P2 B] = (1 +
)CB
k 2 (T) − k1 (T)

(1.25)

Eq. 1.26 is obtained by using K(T) as the proportionality constant between spectral
intensity I(T, t) and CG/FG P1 P2 B concentration at reaction time t.
k1 (T)e−k2(T)t − k 2 (T)e−k1(T)t
I(T, t) = K(T)(1 +
)CB
k 2 (T) − k1 (T)

(1.26)

K(T) is again the proportionality constant between spectral intensity and concentration of
the CG/FG product in the reaction solution. k1 (T) and k 2 (T) are the pseudo first-order reaction
rate constant for the first and second rate-limiting stepwise steps defined with Eq. 1.2 and Eq. 1.3,
respectively.
Taking the first derivative of the Eq. 1.26, the rate of the spectral intensity is
mathematically expressed as Eq. 1.27.
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dI(T, t)
−k1 (T)k 2 (T)e−k2(T)t + k1 (T)k 2 (T)e−k1(T)t
= K(T)(
)CB
dt
k 2 (T) − k1 (T)

(1.27)

The rate of the spectral intensity increase is at its maximum at time 𝑡𝑚𝑎𝑥 when the
derivative of the rate of intensity changes defined by Eq. 1.27 being zero (Eq. 1.28).
d2 I(T, t)
k1 (T)k 22 (T)e−k2(T)t − k12 (T)k 2 (T)e−k1(T)t
=
K(T)
(
) CB = 0
dt 2
k 2 (T) − k1 (T)
t max =

ln(k1 (T)/k 2 (T)
k1 (T) − k 2 (T)

(1.28)
(1.29)

Solving Eq. 1.28 gives rise 𝑡𝑚𝑎𝑥 (Eq. 1.29). Using Taylor expansion to estimate the rate of
the spectral intensity change at the reaction time close to 𝑡𝑚𝑎𝑥 , it is straightforward to show that
within a time interval from 𝑡𝑚𝑎𝑥 − ∆𝑡 to 𝑡𝑚𝑎𝑥 + ∆𝑡, the rate of the spectral intensity change is a
constant 𝑣𝑚𝑎𝑥 (𝑇) (Eq. 1.32).
Based on the rate of kinetic spectral change which is expressed as Eq. 1.27. The maximum
rate of the spectral intensity increase occurs at 𝑡𝑚𝑎𝑥 =

𝑙𝑛(𝑘1 (𝑇)/𝑘2 (𝑇)
.
𝑘1 (𝑇)−𝑘2 (𝑇)

The rate of the spectral

change at the time 𝑡 = 𝑡𝑚𝑎𝑥 + ∆𝑡 is:
dI(T, t)
−k1 (T)k 2 (T)e−k2(T)(tm +∆t) + k1 (T)k 2 (T)e−k1(T)(tm +∆t)
= K(T)(
)CB
dt
k 2 (T) − k1 (T)

(1.30)

Using Taylor expansion to approximate the value of 𝑒 −𝑘2(𝑇)(𝑡𝑚+∆𝑡) and 𝑒 −𝑘1(𝑇)(𝑡𝑚 +∆𝑡)
𝑒 −𝑘2(𝑇)(𝑡𝑚 +∆𝑡) = 𝑒 −𝑘2(𝑇)𝑡𝑚 (1 − 𝑘2 (𝑇)∆𝑡)

𝑤ℎ𝑒𝑛 𝑘2 (𝑇)∆𝑡 ≤ 0.05

𝑒 −𝑘1(𝑇)(𝑡𝑚+∆𝑡) = 𝑒 −𝑘1(𝑇)𝑡𝑚 (1 − 𝑘1 (𝑇)∆𝑡)

𝑤ℎ𝑒𝑛 𝑘1 (𝑇)∆𝑡 ≤ 0.05

0.05 0.05
,
),
1 (T) k2 (T)

Therefore, under condition ∆t ≤ min(k
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the rate of the reaction at t = tmax + t

𝑑𝐼(𝑇, 𝑡)
−𝑘1 (𝑇)𝑘2 (𝑇)𝑒 −𝑘2(𝑇)𝑡𝑚 + 𝑘1 (𝑇)𝑘2 (𝑇)𝑒 −𝑘1(𝑇)𝑡𝑚
= 𝐾(𝑇) (
) 𝐶𝐵
𝑑𝑡
𝑘2 (𝑇) − 𝑘1 (𝑇)
𝑘1 (𝑇)𝑘22 (𝑇)∆𝑡𝑒 −𝑘2(𝑇)𝑡𝑚 − 𝑘12 (𝑇)𝑘2 (𝑇)∆𝑡𝑒 −𝑘1(𝑇)𝑡𝑚
+ 𝐾(𝑇) (
) 𝐶𝐵
𝑘2 (𝑇) − 𝑘1 (𝑇)
= 𝑣𝑚𝑎𝑥 (𝑇)𝐶𝐵
𝑘1 (𝑇)𝑘22 (𝑇)𝑒 −𝑘2(𝑇)𝑡𝑚 − 𝑘12 (𝑇)𝑘2 (𝑇)𝑒 −𝑘1(𝑇)𝑡𝑚
+ 𝐾(𝑇) (
) 𝐶𝐵 ∆𝑡
𝑘2 (𝑇) − 𝑘1 (𝑇)

(1.31)

vmax (T) has been defined in the previous paragraph. Since the second term is zero based
on Eq. 1.28 used for determination of 𝑡𝑚𝑎𝑥 , Eq. 1.31 is then further simplified as Eq. 1.32.
dI(T, t)
= vmax (T)CB
dt
Where 𝑣𝑚𝑎𝑥 (𝑇) = 𝐾(𝑇)(

when t max − t < t < t max + t

−𝑘1 (𝑇)𝑘2 (𝑇)𝑒 −𝑘2 (𝑇)𝑡𝑚𝑎𝑥 +𝑘1 (𝑇)𝑘2 (𝑇)𝑒 −𝑘1 (𝑇)𝑡𝑚𝑎𝑥
𝑘2 (𝑇)−𝑘1 (𝑇)

(1.32)
) , 𝑡 = 𝑚𝑖𝑛 (0.05/

𝑘1 (𝑇), 0.05/𝑘2 (𝑇)), the smaller value of the 0.05/𝑘1 (𝑇) and 0.05/𝑘2 (𝑇).
Eq. 1.32 shows that just like that for one-step CG/FG reactions, kinetic spectral intensity
of CG/FG reactions with two rate-limiting steps 1) also have a linear time-course region and, 2)
the slope of the kinetic spectral intensity change in this temporal region is also linearly proportional
to the biomarker concentration. However, a linear time-course region invariably occurs at the
beginning of the reaction for the one-step CG/FG reactions, which is easy to identify, the onset
and duration of the linear time-course region of the stepwise CG/FG reactions depends on specific
reaction and reaction conditions (Figure 1.2) as evident from Eq. 1.32.
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Figure 1.2

(A)Simulated normalized kinetic spectral intensity for CG/FG reactions that has
(black) a one rate-limiting and (red) two rate-limiting steps. (B) The kinetic
spectroscopic intensity in the linear time-region for CG/FG reactions with (black)
one and (red) two rate-limiting steps. Note that the time range and scale used for the
black and red curve are different.

One objective method to identify the linear time-course regions in kinetic spectral intensity
of the CG/FG reactions is through Savitzky-Golay digital derivatization (Figure 1.3) outlined in
the experimental section. The slope of the kinetic spectral intensity monotonically increases at the
beginning (accelerating region) before reaches its maximum, then monotonically decreases
afterwards (Figure 1.3). The linear time-course region is defined as the temporal region where the
rate of the spectral intensity change is less than 5% difference from the maximum rate of the
spectral intensity increases.
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Figure 1.3

1.3.3

(A) Simulated kinetic spectral intensity for CG/FG reactions that have (black) a one
rate-limiting step and (red) the normalized Savitzky-Golay first derivatization of the
kinetic spectral data. (B) Simulated kinetic spectral intensity for CG/FG reactions
that have (black) two rate-limiting steps and (red) the normalized Savitzky-Golay
first derivatives of the kinetic spectral data. (C) The kinetic spectroscopic intensity in
the linear time-region of the data in (A) and its linear curve-fitting. (D) The kinetic
spectroscopic intensity in the linear time-region of the data in (B) and its linear curvefitting. The dashed blue lines show the linear tine course region where the rate of the
spectral intensity change is within 5% difference from its maximum.

Design Consideration Informed by the Theoretical Model
Above theoretical consideration showed that under Condition #1, #2, and #3, one can use

simple linear curve-fitting to calibrate and predict the analyte concentration as a function of the
kinetic spectroscopic intensity.
Satisfying Condition #1 (CP >>CB ) is straightforward by using a large excess of probe
concentration in comparison to the expected analyte concentration in the samples. However,
validity of Condition #2, the proportionality between the kinetic spectral intensity and the
concentration of the CG/FG product should be experimentally examined as multiple factors can
compromise this proportionality, especially in kinetic fluorescence spectroscopic quantification.
First, to ensure the linearity between fluorescence intensity has a constant linearity with the FG
15

product of the reaction solution, the combined absorbance at the excitation and emission
wavelength of the reaction solution must maintain below 0.05 during the kinetic fluorescence
spectral acquisition. Otherwise, nonlinearity occurs due to the sample inner filter effect, making
the K(T) become progressing small as a function of the reaction time.39 Second, the FG product
must maintain its photostability during the kinetic spectral acquisition. Equilibrium fluorescence
quantification requires only one spectral acquisition, but repeated spectral acquisition is needed
for kinetic fluorescence quantification. Therefore, the photostability requirement of the FG product
for kinetic fluorescence MDA quantification is much more stringent that for the equilibrium
fluorescence quantification.
Condition #3 defines the linear time-course region where the kinetic spectral intensities
obtained in this region are used for the predicting the biomarker concentration. To ensuring reliable
estimation of the slope of the intensity change in this region, the experimental design must allow
adequate number of kinetic spectral signals to be acquired within this temporal region. For CG/FG
reaction with one rate-limiting step, the onset of the linear time course region is 𝑡 = 0, which
explains why the kinetic spectroscopic quantification initially developed for the one-step CG/FG
reactions is also called the initial rate method. For CG/FG reactions with two rate-limiting steps,
however, there is an induction region (accelerating region) preceding the linear time course region
in the kinetic spectral intensity data. This accelerating temporal region allows longer measurement
deadtime for between the reaction solution preparation and kinetic spectral acquisition, enabling
one to perform kinetic spectroscopic quantification using the conventional spectrometer without
flow-cell accessories.
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1.4

Experiment Section

1.4.1

Materials and Equipment
Unless otherwise stated, all chemicals were purchased from Sigma Aldrich (St. Louis,

MO), and used as received. Nanopure water (18.2 MΩ cm, Thermo Scientific) was used
throughout. Steady-state and kinetic UV-vis spectra were acquired with a Shimadzu UV-2550PC
UV-Vis Spectrophotometer (Manassa, VA) equipped with a temperature controller. Fluorescence
spectra were measured with a Fluoromax-4 spectrophotometer that is also equipped with a
temperature controller (Quantum Northwest Luma 40/Horiba4). The accuracy of the two
temperature controllers is both 0.1 C according to vendors’ specification. A benchtop Eppendorf
centrifugation machine (Centrifuge 5424, Eppendorf) was used for preparation of the chicken
sample.
1.4.2

MDA and TBA Solution Preparation
A 42 mM TBA stock solution was prepared according to an earlier work.36,40 Briefly,

0.3062 g TBA was dissolved in 50 mL Nanopure water and heated in a 55 ℃ water bath for 45
min, and then cooled down to room temperature before use. A 20 mM MDA stock solution was
prepared according to the literature procedure.40,41 Briefly, 100 L tetraethoxypropane (TEP) is
mixed with 30 mL 1% H2SO4. The solution is then left at room temperature for two hours. Under
this experimental condition, the TEP produced a stoichiometric amount of MDA. The prepared
MDA and TBA stock solutions were stored at 4 ℃ and used within one week of the sample
preparation.
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1.4.3

Kinetic UV-vis and Fluorescence Measurement
Unless stated otherwise, the kinetics spectral measurements of the TBA/MDA reaction

solutions were performed as follow. 2.85 mL 42 mM TBA was mixed with 0.58 mL 1.5 M H3PO4
in a fluorescence or UV-vis cuvette placed in the thermostat cuvette holder. After the 3.43 mL
TBA in H3PO4 solution reached the preset temperature, 70 L MDA solution was added to the
TBA solution. The TBA/MDA mixture is then removed rapidly from the cuvette holder, manually
shaken for five seconds, and placed immediately back into cuvette holder for the kinetic UV-vis
or fluorescence acquisition. The measurement deadtime between the reaction sample preparation
and kinetic spectral acquisition was less than 15 s. The reason to mixing a small volume MDA
with a large volume preheated TBA is to ensure that MDA addition has no significant effect on
the temperature of the reaction solutions.
While the kinetic UV-vis were performed using the time-dependent spectral measurements
where the entire UV-vis spectra from the 450 nm to 600 nm is obtained, two different kinetic
fluorescence measurements were explored. The first one uses the time-dependent fluorescence
emission spectra to monitor how the fluorescence emission crossing the broad wavelength region
varies as the reaction proceeds, the second use the kinetic fluorescence intensity method where
only the fluorescence signal at the wavelength selected by the emission monochromator is
detected. This second approach offers much higher temporal resolution as it involves no scanning
in either the excitation or detection monochromator. The kinetic spectral intensity data were taken
with an excitation wavelength and monochromator slit width of 535 nm and 3 nm, respectively,
and a detection wavelength and monochromator slit width of 567 nm and 28 nm, respectively. The
integration time for each data point is 0.8 second and the time interval between the sequential
kinetic acquisition is 1 second.
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1.4.4

Kinetic FG Quantification of MDA in the Canned Chicken
98% fat-free fully cooked Crider Premium Chunk White Chicken in Water (Crider Foods)

was used for proof-of-the-concept demonstration of direct FG quantification of MDA in practical
samples. Two aliquots of 750 L liquid was pipetted from the opened chicken to two separate
centrifuge tubes for 1 min centrifugation removal of the big chicken chunks. The top supernatant
from the two centrifugation tubes were pooled together and then filtrated sequentially two syringe
filtrations. The pore size of the filtration membranes used for the first and second filtration is 0.45
m (VWR) and 0.1 m (Pall Acrodisc) respectively. The collected filtrate is referred to as the asobtained chicken extract.
1.4.5

Savitzky-Golay Derivatization
Second-order Savitzky-Golay digital derivatization42 is used to determine the first

derivative (the rate) of the kinetic spectral intensity change, subsequently pinpointing the linear
time-course region in the kinetic spectral intensity. The window size of the Savitzky-Golay
derivatization, which is large enough to reduce noise interference on quantification of the slope in
the spectral intensity,43,44 and small enough to ensure the slope obtained with the Savitzky-Golay
derivation is representative to the instant spectral intensity change. The temporal points that have
first derivatives less than 5% smaller than the maximum derivative constitute the linear time course
region of the kinetic spectral intensity.
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1.5
1.5.1

Results and Discussions
Kinetic Spectroscopic Characterization of the TBA/MDA Reaction

Figure 1.4

(A) Kinetic UV-vis, and (B) fluorescence spectra of the TBA/MDA reaction
solution. The excitation wavelength for the fluorescence acquisition is 535 nm. (C)
and (D) are the integrated UV-vis and fluorescence intensities in (A) and (B),
respectively, as a function of the reaction time. The black dots are the experimental
data and the red-curve in the insets is obtained by fitting the experimental data using
model established for the CG/FG reactions involving two rate-limiting steps (Eq.
1.26). The inset in (C) and (D) are the linear curve-fitting of the kinetic spectral
intensity in the linear time-courses. The dots are experimental data, and the solid
line is obtained through linear curve fitting. The concentration of TBA and MDA in
the reaction solutions are 34.2 mM and 1 M, respectively. The reaction is
performed at 35C.

The empirical kinetic spectroscopic model of TBA/MDA reactions was monitored using
kinetic UV-vis and fluorescence measurements (Figure 1.4A and 1.4B). The time-courses of the
integrated kinetic UV-vis and fluorescence spectral intensity (Figure 1.4C and 1.4D) are very
similar, which provides a cross-validation of these two measurement methods. These time-courses
are in excellent agreement with the kinetic spectroscopic model established with the CG/FG
reactions with two rate-limiting steps (Eq. 1.26), strongly suggesting that the kinetics of the
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TBA/MDA reaction are limited by the two intermolecular processes proposed in its reaction
pathway (Scheme 1.1).
In consistent with the theoretical modeling, the Savitzky-Golay derivatization (Figure 1.5)
shows the kinetic spectral intensity of the TBA/MDA reaction solution comprises an accelerating
region (induction region) where the rate of spectral intensity increase monotonically increases,
followed with an approximately linear time-course region where the spectral intensity change is
approximately a constant, and then a decelerating region. Validation of this Savitzky-Golay
strategy is from the excellent linear curve fitting (inset in Figure 1.4C and 1.4D) for the data taken
from the linear time course region identified with this Savitzky-Golay derivative.

Figure 1.5

(A) and (B) are the integrated UV-vis and fluorescence intensities as a function of
the reaction time. The black dots are the experimental data, and the red dots are the
Savitzky-Golay first derivatives of the kinetic spectral intensity data. (C) and (D)
are the linear curve-fitting of the kinetic spectral intensity in the linear time-courses.
The dashed blue lines in A and B show the linear tine course region where the rate
of the spectral intensity change is within 5% difference from its maximum.
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Both the onset and the duration of the linear time-course region can be adjusted by
controlling the TBA/MDA reaction condition (Figure 1.6), allowing one to optimize the efficiency
of the kinetic MDA quantification with their accessible instruments. Increasing TBA concentration
and increasing the reaction temperature both reduces the induction period of TBA/MDA adduct
formation and the duration of linear time-course region (Figure 1.6). These observations are
consistent with the theoretical model developed for the CG/FG reaction with two rate-limiting
steps. Increasing TBA concentration and reaction temperatures both increases the pseudo firstorder reaction rate constant k1 and k2 for the first and the second rate-limiting step, reducing onset
time and duration of the linear time-course region of the TBA/MDA reaction (Eq. 1.32). The
kinetic spectral intensity in the linear time course regions identified using the Savitzky-Golay
method (Figure 1.6).

Figure 1.6

(A) Kinetic fluorescence intensity of the reaction solutions of 1 M MDA and TBA
with concentration of 11.4 mM, 17 mM, and 34.2 mM, respectively, reacted at 50°C.
(F) Kinetic spectral intensity of the 1 M MDA and 34.2 mM TBA reaction solution
with a reaction temperature of 20°C, 35°C, and 50°C, respectively. (B)-(D) TBA
concentration and (G)-(I) reaction temperature on the kinetic spectral intensity of
TBA/MDA reaction solutions. The black curves are the kinetic spectral intensity
data and red curve is the normalized Savitzky-Golay first derivative for
identification of the linear time course region. (E) and (J) are kinetic spectral
intensity in the linear time course regions identified using the Savitzky-Golay
method the data shown in (A) and (F), respectively.
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1.5.2

Kinetic Spectroscopic MDA Quantification with External Standard Calibration

Figure 1.7

External standard calibration of kinetic FG quantification of MDA using the
TBA/MDA reaction at 50°C. (A) Kinetic fluorescence intensity of the TBA/MDA
reaction solutions. MDA concentration varies from 5.0 nM to 1.0 µM, while the
concentration of TBA is 34.2 mM in the reaction solutions. (B) Kinetic spectral
intensity of the calibration samples in their linear time course regions. The solid dots
are experimental data, and the dash lines are obtained with the linear-curve fitting.
(C) The correlation between the slope of the kinetic spectral intensity in its linear
time-course region and the MDA concentration. Inset: zoom-in calibration curve for
the MDA samples below 0.5 µM MDA. (D)-(I) are individual spectra for each
calibration sample, MDA concentration is 1.0 µM, 0.5 µM, 0.1 µM,0.05 µM,0.01
µM, and 5.0 nM, respectively. Inserts are kinetic spectral intensity of the calibration
samples in their linear time course regions.

Consistent with the theoretical model developed for the FG/CG reactions that involves two
rate-limiting steps, the linear time-course regions of the TBA/MDA reaction solution are
independent of the biomarker concentrations, and the slopes of the fluorescence intensity change
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in its linear time-course region are linearly proportional to the MDA concentrations (Figure 1.7).
Similar results were obtained with the kinetic UV-vis measurement of TBA/MDA solution (Figure
1.8). However, the sensitivity of the FG TBA/MDA detection is at least two orders of magnitude
higher than that with CG MDA detection. The MDA concentration used for the kinetic
fluorescence calibration varies from 0.005 µM to 1 µM (Figure 1.7), while those for the kinetic
UV-vis calibration was from 0.5 µM to 20 µM (Figure 1.8). Nonetheless, the excellent correlation
between the slope of the spectral intensity changes and the MDA concentration observed with both
kinetic UV-vis and fluorescence measurement provides a critical validation to the developed
kinetic spectroscopic quantification model established for the stepwise CG/FG reactions.

Figure 1.8

External standard calibration for kinetic UV-vis quantification of MDA using the
TBA/MDA reaction at 35°C. MDA concentration varies from 0.5 µM to 20 µM
where the concentration of TBA is 34.2 mM in all reaction solutions. (A) The kinetic
UV-vis spectral intensity of the TBA/MDA reaction solutions. (B) The linear curvefitting of the data in the linear time-course region predicted based on the calibration
data.

To make it useful for practical biomarker quantification, however, the kinetic spectroscopic
methodology must be robust enough to mitigate the matrix interference, subsequently verify the
absence of matrix interference. Taking advantage of the ultrahigh fluorescence sensitivity, we
explored a sample dilution strategy for eliminating the matrix interferences. The effectiveness of
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this sample dilution method was demonstrated through the head-to-head comparison of the kinetic
quantification results of 50 M MDA spiked in water and in an artificial matrix that contains both
chemical and optical interferents (Figure 1.9). The chemical interferents include 250 mM glucose
and 250 mM acetaldehyde, two TBA-reactive chemicals, and 50 mM serine, an MDA reactive
reagent. The optical interferents in the matrix were polystyrene nanoparticles (4.55 1011
particles/mL) that mimic the inevitable particulates in practical samples, and 5 M eosin Y that
mimic potential light absorbers and emitters in practical samples. The UV-vis and fluorescence
spectrum of the matrix-free and -containing MDA samples are shown in the Figure 1.10.

Figure 1.9

Head-to-head comparison of kinetic spectroscopic data obtained with MDA in
matrix-free (black) and -containing (red) solutions. The sample dilution factor was
1, 5, 25, 50 for the data shown in (A), (B), (C), and (D), respectively. The insets are
the (dots) experimental and (green lines) linear-curve fitting results in the linear time
course region of the kinetic data.

The more the matrix-containing sample is diluted before addition to the TBA-containing
reaction solution, the less is the matrix interference. The percentage difference in the measured
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MDA concentration between the matrix-free and matrix-containing samples varies from 61.0%,
27.4% 15.2%, and 5.1% when the sample dilution factor increases from 1, 5, 25, to 50, respectively
(Figure 1.9). This result indicates that sample dilution can be a highly effective strategy for
combating the matrix effect on the kinetic spectroscopic quantification. On the other hand, only
the significant diluted matrix-containing sample allows reliable MDA quantification excludes the
possibility of directly CG quantification of the MDA in the artificial sample matrix. The MDA in
the 50X diluted sample in the reaction matrix was 20 nM, which was below the limit of detection
of the UV-vis method.

Figure 1.10

(A) UV-vis spectrum of the matrix-free (black) and -containing (red) MDA samples.
(B) Fluorescence spectrum of the matrix-free (black) and -containing (red) MDA
samples.

The effect of the sample dilution on matrix interference to kinetic spectroscopic
quantification can be readily understood. First, it is effective to reduce the chemical interference
imposed by the competitive biomarker reaction with biomarker-reactive species in the matrix. By
design, sample dilution reduces only the concentration of the biomarker and matrix chemical
interferents, but not that of the CG/FG probe. Therefore, the sample dilution reduces the biomarker
reaction rate with the matrix species much faster than that between the CG/FG probe and its
targeted biomarker, suppressing the chemical interference imposed by the competitive biomarker
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reaction with biomarker-reactive species in the matrix. Second, sample dilution also reduces the
chemical interference by the competitive CG/FG probe reaction with the probe-reactive
compounds in the matrix. By design, the probe is in large excess than the targeted biomarkers and
potential biomarker-reactive matrix species. Sample dilution also reduces the rate of the reaction
between targeted biomarkers and potential biomarker-reactive matrix species much faster than that
between the CG/FG probe with its targeted biomarkers, reducing the significance of this type of
chemical interference.
Sample dilution is also effective for mitigating the direct and indirect optical interference
imposed by the sample matrix. Sample dilution reduces the matrix background light scattering,
absorption, and fluorescence emission, alleviating the direct optical interference of the sample
matrix. Further, dilution also reduces the matrix effect on the pH, ionic strength, and viscosity of
the reaction solutions, the physical properties that can induce change in the optical activities of the
CG/FG products. As a result, sample dilution also alleviates the indirect optical interference
imposed by matrix species.

Figure 1.11

(A) Kinetic spectroscopic data obtained with 3.43 mL 34.2 mM TBA mixed with 50
L, 75 L, 100 L chicken extracts. (B) The linear curve-fitting of the data in the
linear time-course region predicted based on the calibration data. The horizontal
dash lines in (B) are for guiding views.
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Encouraged by excellent kinetic FG sensitivity (5 nM) observed with the calibration
standards, we explored the possibility of direct kinetic fluorescence quantification of MDA in a
commercial canned chicken sample. The only sample preparation is by centrifugation separation
removal of large chicken chuck and water using a bench-top centrifugation machine followed by
two-stage syringe filtrations as detailed in the experimental section. The FG MDA quantification
was performed with three independent reaction solutions differing only in volume (50 L, 75 L,
and 100 L) of the chicken extracts added into the 3.43 mL 34.2 mM TBA-containing solution
(Figure 1.11). Because of the volume of the chicken extracts was negligibly small in comparison
to that of TBA, the TBA concentration in the reaction solution remained essentially unchanged
before and after MDA addition. The concentration of MDA together with the sample matrix in the
chicken extracts in the reaction solutions prepared with 50 L, 75 L, and 100 L was diluted by
70, 47, and 35 times, respectively.
The MDA concentration was 18.7 nM, 14.5 nM, and 9.1 nM in the FG reaction solution
where the chicken extracts were diluted by 35, 47, and 70 times, respectively, corresponding to a
MDA concentration of 654 nM, 681 nM, and 637 nM, respectively in the as-obtained chicken
extracts. The MDA concentrations in the FG reaction solutions were evaluated using the slopes
obtained by linear-curve fitting of the kinetic data in their linear time-course region (Figure 1.11B).
The fact that the data obtained with all three diluted samples were in excellent agreement indicated
that the sample dilution used for the chicken extract is effective in eliminating the matrix
interference. Otherwise, one would expect that the sample with lower degree of sample dilution
would lead to higher MDA concentration as observed with MDA in the artificial sample matrix.
The experimental MDA concentration in the canned chicken sample is 65722 nM, which was
calculated with results from three diluted chicken extracts (Figure 1.11).
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1.6

Conclusions
Using MDA, an established lipid peroxidation biomarker as the model analyte, and

TBA/MDA conjugation reaction as the model dual CG-/FG-reaction, we established the first
kinetic spectroscopic quantification model for stepwise CG and FG reactions and demonstrated
the first proof-of-concept kinetic FG quantification of biomarkers in practical samples. The kinetic
spectral intensity of the two-step CG/FG reactions comprises three temporal regions: an
accelerating period, a linear time-course region, and a deceleration region. Kinetic quantification
was performed through simple linear-curve-fitting of the kinetic spectral intensity in its linear timecourse region. Proof-of-concept direct FG quantification was demonstrated with the FG
quantification of MDA in canned chicken. The only sample preparation applied to chicken sample
was bench-top centrifugation followed with two sequential syringe filtrations. The matrix
interference on the kinetic spectroscopic quantification was mitigated through the sample dilution.
The total assay time of the kinetic FG quantification of MDA in the canned chicken was less than
10 minutes, more than 10 folds faster than the existing equilibrium-based MDA assay. While the
developed kinetic MDA quantification strategy should be useful to enhance the MDA assay
efficiency, the kinetic model and the measurement design presented in this work should help
transform the kinetic spectroscopic quantification from a niche research tool to an indispensable
technique for time-sensitive applications.
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CHAPTER II
IMPROVING THE PERFORMANCE OF KINETIC FLUORESCENCE QUANTIFICATION
OF MDA IN PRACTICAL SAMPLES
2.1

Abstract
Presented in this chapter is a systematic investigation of the effect of the TBA/MDA

reaction conditions (solvents, temperatures, and TBA concentration), calibration methods
(standard addition versus external addition), and instrument settings on the efficiency, sensitivity,
and linear dynamic range of the kinetic MDA quantification. Compared to the reactions performed
in H2O and dimethyl sulfoxide (DMSO), a DMSO/H2O cosolvent with similar DMSO and H2O
volume ratio is much more effective for the kinetic fluorescence MDA quantifications that requires
both high sensitivity and efficiency. The detection limit of the kinetic fluorescence method is 0.9
nM for the TBA/MDA reaction performed in 60 C DMSO/H2O (50%:50%, v:v), with a total
assay time is as short as 3 minutes from adding the MDA-containing sample to the reaction solution
to completion of the data acquisition. Practical application of this technique is demonstrated with
a commercial ground beef sample. The only sample preparation for this solid tissue sample is
blending the ground beef in water followed with paper filtration. This unprecedentedly efficient
and simple MDA quantification method is carried out with a convention spectrofluorometer with
no stop-flow accessories. I anticipate this MDA assay will be broadly adopted in food and
biological research because of its high efficiency, sensitivity, robustness, and excellent
accessibility.
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2.2

Introduction
As an established biomarker of lipid peroxidation, MDA has been routinely measured in

biological and environmental research and food industries.34,45–49 While biologists evaluate MDA
concentration to gauge the level of lipid peroxidation, meat, oil, and dairy industries quantifies
MDA as the rancidity assay. At least tens of thousands of MDA assays are performed each year.
Scifinder database search showed that the number of “malondialdehyde”-containing English
journal articles has steadily increased the past 10 years. 2020 alone saw over 9090 such articles
(Figure 2.1). Any improvement in the MDA assay efficiency and cos-reduction will have
significant broad societal impact.

Figure 2.1

Number of malondialdehyde-containing publications from year 2000 to 2020.
Numbers from 2000 to 2020 are actual number. The data were obtained from
Scifinder on 12/31/2020 by using the key word of “Malondialdehyde” and refined
with the document type of “Journal” and language type of “English”.

Direct MDA assay is challenging because, as a small molecule, MDA has no chromophore
and fluorophore in the UV-vis region. Current UV-vis and fluorogenic MDA assays are all
indirect, developed by taking advantage of the excellent reactivity of MDA, a dialdehyde, with
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chromogenic (CG) and/or fluorogenic (FG) aldehyde-reacting species including 2-thiobarbituric
acid (TBA),45,50 dinitrophenylhydrazine,51,52 and several more recent probes.53–55 TBA is by far the
most commonly used probes for MDA detection due to the TBA-MDA adduct, the reaction
product between TBA and MDA. The TBA-MDA adduct has CG, FG, and excellent surface
enhanced Raman spectroscopic (SERS) activities.36 As such, by using TBA as the reactive probe,
one can employ UV-vis, fluorescence, or SERS methods for MDA quantification.
Indirect chemical quantifications through analyte-selective reactions can be divided into
two groups: equilibrium quantification where the assay is performed after reaction is assumed to
reach its equilibrium state, or kinetic quantification where the analyte concentration is deduced
based on the analyte signal change during the reaction process. Current MDA assays are mostly
equilibrium quantification.38,56,57 The general procedures for quantifying MDA in practical
biological and food samples comprise four main steps: 1) Sample preparation to obtain the
biological extracts; 2) Chemical reactions at elevated temperatures for the TBA/MDA conjugation
reaction; 3) Post-reaction separation to separate TBA-MDA adduct from the byproducts formed
by TBA with other TBA reactive substances such as glucose, formaldehyde, etc.; and 4) UV-vis,
fluorescence, or SERS quantification.34–37 The total assay time from the sample extracts to
completion of data acquisition is usually between 90 to 120 mins for practical biological samples.
These assays also require costly instruments for their ability of tandem sample separation and
optical quantification.
Kinetic quantifications have been long recognized for its high assay efficiency since their
initial development in the 1960s.30–32 However, kinetic UV-vis and fluorescence quantifications
have remained as niche chemical quantification techniques that have been applied only to research
samples with no significant matrix interference. Theory and methodology of kinetic spectroscopic
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quantification have remained stagnant for decades. One key drawback of existing kinetic
quantification is its susceptibility to matrix interferences in practical samples. While the matrix
interferences to equilibrium quantification are mitigated straightforwardly through post-reaction
separation, one can alleviate the matrix interferences to the kinetic quantification through either
the pre-reaction sample preparation and/or effective reaction design. Lengthy pre-reaction sample
preparation is undesirable because it reduces the overall efficiency of the kinetic quantification.
Existing kinetic spectroscopic quantification is developed for CG and/or FG reactions that
can be approximated as first-order processes.30,31 The initial reaction rate of these reactions is
linearly proportional to analyte concentration.58 As such, one can predict the analyte concentration
by quantifying initial rate of the chemical reaction, which explains why kinetic spectroscopic
quantification has also been commonly referred to as the initial rate method. This initial rate
method is conceptually simple but can be difficult to implement. A stop-flow accessory is often
needed for the kinetic quantification if the rate of first-order FG or CG reaction is high.58

Scheme 2.1

Schematic representation of the two intermolecular processes in the TBA/MDA
reaction.

Using the TBA/MDA reaction as the example, we recently reported a theoretical model for
kinetic spectroscopic quantification using the CG/ FG reactions consisting of two sequential firstorder processes.59 When TBA is in large excess, the TBA/MDA conjugation reaction is a second
order reaction comprised of two sequential first-order reactions (Scheme 2.1). Mathematically, the
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kinetic spectral intensity of these reactions comprises three regions: the initial accelerating region
where the rate of signal increase monotonically, followed with a linear region where the signal
increases linearly as the reaction proceeds, and finally the decelerating region where rate of
intensity increase become progressively small.59 The kinetic quantification is based on the slope
of the kinetic spectroscopic data in the linear time course region. Since this linear region is
invariably proceeded by the accelerating period, the relatively long measurement deadtime can be
tolerated for the kinetic quantification with these second-order reactions, enabling kinetic
spectroscopic quantification with no stop-flow accessory. Experimental validation of the
theoretical model and assay strategy was performed with the kinetic fluorescence quantification of
MDA using the TBA/MDA reaction in water. The total assay time with this kinetic method is 6
mins from obtaining the sample extracts to the completion of needed kinetic data acquisition.59
This chapter is a further development of kinetic spectroscopic quantification, using MDA
as the model analyte and the TBA/MDA reaction as the model CG/FG reaction. Unlike our initial
work that was focused mainly on the development and validation of a theoretical model,59 this
work is on the practical reaction and measurement designs for improving performance of the
kinetic fluorescence quantification. Effects of reaction conditions (solvents, probe concentration,
and reaction temperatures), data acquisition settings (slit widths, wavelengths), and calibration
methods (external standard vs standard addition calibration) on the assay efficiency, sensitivity,
dynamic range, and robustness against the matrix interference were systematic examined. Example
practical application was demonstrated with commercial ground beef. The total MDA assay time
from the beef extracts to completion of acquisition of the required kinetic fluorescence data is three
minutes for the fluorogenic reactions performed at 60C DMSO/H2O (50%:50%, v:v), which is
the most efficient MDA assay reported so far.
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2.3

Theoretical Consideration
Current kinetic quantification including our own work employs external addition

calibration,59 while the existing theoretical model for standard-addition calibration are for
equilibrium quantifications. The kinetic fluorescence MDA quantification is based on the slope
𝑚𝑥 (𝑇) in the linear time course region of the kinetic fluorescence obtained the TBA/MDA reaction
solution. Mathematically, this slope is linearly proportionally to the MDA concentration (Eq.
2.1).59
𝑚𝑥 (𝑇) = 𝑘(𝑇)𝐶𝑥

(2.1)

With external standard calibration, the proportionality constant 𝑘(𝑇) at the reaction
temperature (T) can be evaluated through a series of MDA standards. Kinetic fluorescence
quantification with standard addition requires at least two samples that are prepared by mixing a
fixed volume (𝑉𝑥 ) of the unknown sample with various amounts of known analytes (𝑛𝑠 ). The total
volume (𝑉𝑡 )of the standard added sample is a constant. In this case, the slope of the kinetic
fluorescence of the reaction solution in its linear time-course region is:
𝐶𝑥 𝑉𝑥 + 𝑛𝑠
𝑉𝑡
𝑘(𝑇)𝐶𝑥 𝑉𝑥 𝑘(𝑇)
𝑚𝑠+𝑥 (𝑇) =
+
𝑛
𝑉𝑡
𝑉𝑡 𝑠
𝑚𝑠+𝑥 (𝑇) = 𝑘(𝑇)

(2.2)
(2.3)

By plotting 𝑚𝑠+𝑥 (𝑇) as the function of 𝑛𝑠 by assuming an arbitrary nonzero 𝑘(𝑇) value
(we use 𝑘(𝑇) = 1 for convenience), one can obtain the slope ( = 𝑘(𝑇)/𝑉𝑡 ) and intercept (𝑏 =
𝑘(𝑇)

𝐶𝑥 𝑉𝑥
𝑉𝑡

) through linear curve-fitting. MDA concentration in the sample is then calculated with

Eq. 2.4.
𝐶𝑥 =

𝑏
𝑉𝑥
35

(2.4)

For samples where the matrix effects are small, single addition method can be used. The
sample for the single addition samples are diluted sample and the diluted sample plus standard,
respectively. In this case, the 𝐶𝑥 of sample will be obtained through Eq. 2.5.
𝐶𝑥 =

2.4
2.4.1

𝑚𝑥 (𝑇)𝑛𝑠
(𝑚𝑠+𝑥 (𝑇) − 𝑚𝑥 (𝑇))𝑉𝑥

(2.5)

Experimental Section
Materials and Equipment
Unless otherwise stated, all chemicals were from Sigma Aldrich (St. Louis, MO) and used

as received. Steady-state and kinetic fluorescence spectra were measured with a Fluoromax-4
spectrophotometer that is equipped with a temperature controller that has an accuracy of 0.1 C
(Quantum Northwest Luma 40/Horiba4). A magnetic stir bar that provides rapid vertical and
horizontal uniform mixing was purchased from Sigma Aldrich (St. Louis, MO). A household
Hamilton Beach blender was used for preparation of the beef extracts. Temperature dependent
UV-vis spectra of TBA-MDA were acquired with a Shimadzu UV-2550PC UV-Vis
Spectrophotometer (Manassa, VA) equipped with a Shimadzu CPS-100 temperature controller.
2.4.2

Preparation of MDA and TBA Solutions
A 20 mM MDA stock solution was prepared by mixing 100 L tetraethoxypropane (TEP)

and 30 mL 1% H2SO4.36,40 The solution is left at room temperature for two hours to allow TEP to
convert to a stoichiometric amount of MDA.41,60 A series of H3PO4-containing TBA stock
solutions in water, DMSO, and DMSO/H2O (50%:50%, v:v) TBA stock solutions were prepared
using the following procedures. Appropriate amount of TBA is added into suitable volume of
solvent to prepare TBA solutions. Due to the relatively poor solubility of TBA in water, the
aqueous TBA solutions are heated to ~ 60 C to ensure complete TBA dissolution. No heat is
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needed for preparing TBA in DMSO or DMSO/H2O cosolvent. The H3PO4-containing TBA stock
solutions were prepared by mixing by the fully dissolved TBA solutions with 1.5 M H3PO4
aqueous solution with a volume ratio of 5:1. The H3PO4 concentrations in TBA stock solutions are
all 0.25 M.
2.4.3

Preparation Ground Beef Extracts
5 g of ground beef were removed from a pack of ground beef purchased from a local

supermarket and mixed with 20 mL water in a blender. After blended for 10 seconds, the mixture
was filtrated through a Q5 filter paper (Fisher) that has a diameter of 5.5 cm. The collected filtrate
is referred to as the as-obtained beef extract.
2.4.4

Standard Addition
400 L as-obtained beef extract with various amount of MDA standard solution was mixed

in a 1 mL Eppendorf tube. The MDA standard is prepared through series dilution of 20 mM MDA
stock solution with water to a desirable concentration. The total volume of the standard-added
solution is 500 L.
2.4.5

Kinetic Fluorescence Measurement
Kinetics fluorescence of the TBA/MDA reaction solutions were acquired with a procedure

modified from literature.59 First, the H3PO-containing TBA stock solution is headed in a water
bath and maintained at desired reaction temperature. This preheating is to improve the assay
efficiency and the throughput of the kinetic fluorescence measurements. For each MDA
quantification, 2.94 mL stock TBA solution is pipetted to a 4 mL 1 cm  1 cm cuvette in the
spectrofluorometer cuvette holder that is also preheated to the reaction temperature. Under
constant magnetic stirring, 60 L MDA standards or beef-extract was added to the solution. The
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addition of the small volume MDA has no significant effect on the solution temperature. The
measurement deadtime between the reaction preparation and first kinetic fluorescence acquisition
was less than 5 s. The excitation and detection wavelengths of the kinetic fluorescence is 532 nm
and 570 nm, respectively. The slit widths of excitation and detection monochromator are 1 nm and
28 nm, respectively. The time interval between the sequential kinetic acquisition is 1 s and the
integration time for each data point is 0.8 seconds.
2.5
2.5.1

Results and Discussions
Effect of Reaction Solvents
One possible way for improving the efficiency and/or sensitivity of the kinetic MDA

quantification is by changing the solvent of the TBA/MDA reaction solution. TBA/MDA
conjugation reactions used for current equilibrium and kinetic MDA quantification are mostly
performed in aqueous solution.59,61 Improving the kinetic MDA quantification using water as the
reaction solvent is difficult because of the poor TBA solubility in water, and the poor TBA-MDA
fluorescence activity that will be shown below. The most efficient kinetic MDA assay achieved so
far with aqueous TBA/MDA reaction is 6 mins, with a limit of detection (LOD) of 5 nM in terms
of MDA in the reaction solution. Alternative reaction solvents are needed for further improving
the performance of the kinetic fluorescence MDA quantification.
Since most biological extracts are prepared in water, only water miscible solvents are
explored. Ideal solvents should have the following characteristics: high boiling temperatures, high
TBA solubilities, no adverse effects on the reactivity between TBA and MDA reaction or
fluorescence activity of the TBA-MDA adduct. TBA has excellent solubility in a series of water
miscible solvents including methanol, ethanol, acetone, dimethyl sulfoxide (DMSO), and
dimethylformamide (DMF). We examined the possibility of DMSO and DMF, the only two
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solvents with boiling temperature higher than water, as the possible solvents for improving
efficiency of kinetic MDA quantification. However, the utility of DMF as the reaction solvent was
soon excluded because, as an aldehyde-bearing compound, DMF is reactive to TBA.
The effect of DMSO was the TBA/MDA reaction solvents were investigated using a series
of DMSO/H2O cosolvents with different volume ratios. Consistent with the theoretical kinetic
model developed before,61 the kinetic fluorescence (Figure 2.2A) and UV-vis extinction (Figure
2.2B) of TBA/MDA reactions in DMSO/H2O all comprise three regions: the accelerating region,
linear region, and the decelerating reagents. Since the kinetic spectroscopic quantification is based
on slope of the linear region of the kinetic data obtained with the TBA/MDA reaction solution, we
use the ending time of the linear region as the measurement of the kinetic assay efficiency. The
linear time-course regions are defined by the time interval where the slope of the kinetic data is
within 5% difference from its maximum determined by using the Savitzky-Golay first derivative
method.
Solvent effects on the kinetic fluorescence quantification of MDA are multifaceted (Figure
2.2). DMSO has two competing effects on the kinetic assay efficiency. Increasing the DMSO
volume fraction in the DMSO/H2O cosolvent increases TBA solubility, allowing more
concentrated TBA to be used in the conjugation reaction and subsequently enhances the assay
efficiency. As an example, it took about 6 mins for the kinetic fluorescence to reach the ending
time of its linear time-course for the TBA/MDA reaction performed in water with saturation TBA
concentration, which is 3 times longer than in the DMSO/H2O (50%:50% v:v) cosolvent, which
took 2 mins for the reaction performed also with saturation TBA concentration (Figure 2.2A). On
the other hand, under constant TBA concentration, increasing the DMSO volume fraction reduces
rate of the TBA/MDA reaction, leading to a reduced assay efficiency (Figure 2.2B and Figure
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2.2C). As an example, kinetic MDA assay in DMSO/H2O (50%:50%, v:v) is faster than the
reaction solvent of DMSO/H2O (99%:1% v:v).

Figure 2.2

Kinetic fluorescence of TBA and 50 nM MDA reaction solution at 60 C in
DMSO/H2O (50%:50%, v:v) cosolvent and in H2O. The TBA is at its roomtemperature saturation concentration in water and in DMSO/H2O. (B)Kinetic UVvis of the reaction solutions of 1 M MDA and TBA with DMSO/H2O cosolvents
with volume fractions shown in the legends. (C) Linear region of the kinetic UVvis. (D) Fluorescence spectra of 1 M TBA-MDA in DMSO/H2O cosolvents of
different DMSO volume fractions. Inset is the fluorescence peak intensity of TBAMDA reaction with different DMSO volume fractions.

Solvent composition affects the sensitivity of the kinetic fluorescence quantification of
MDA. Control experiments performed with purified TBA-MDA showed that the fluorescence
activity of TBA-MDA in the DMSO/ H2O (90%:10% v:v) cosolvent is 2 and 6 folds higher than
that in DMSO/H2O (40%:60% v:v) cosolvent and in H2O (Figure 2.2D), respectively. This
observation indicates increasing the DMSO volume fraction increases the assay sensitivity.
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While the mechanistic origins of the DMSO effect on the kinetics of TBA/MDA reaction
and the photoluminescence activity of TBA-MDA adduct is currently unclear, the data shown in
Figure 1 highlights the importance of solvent selection in the method design of the kinetic
fluorescence quantification. Since the DMSO/H2O (50%:50%, v:v) cosolvent offers combination
of high assay efficiency (2 mins) and assay sensitivity (< 1 nM limit of detection as shown below),
all subsequent studies in this work were performed with TBA/MDA reactions in the DMSO/H2O
(50%:50%, v:v) solvent, which will be abbreviated as the DMSO/H2O cosolvent.

Figure 2.3

Temperature dependence of the kinetic fluorescence of reaction solution of 205.2
mM TBA and 50 nM MDA. Temperature-dependent (B) UV-vis extinction and (C)
fluorescence spectrum of 1 M TBA-MDA in DMSO/H2O. (D) Comparison of the
temperature dependence of the TBA-MDA UV-vis and fluorescence peak intensity.
Temperature dependent measurements are repeated twice by ramping up and down
the solution temperature as shown in (D).

41

2.5.2

Effect of Reaction Temperatures
Reaction temperature also have two competing effects on the performance of kinetic

fluorescence quantification of MDA. Raising reaction temperatures improves TBA/MDA reaction
kinetics, and thereby improves the MDA assay efficiency in DMSO/H2O (Figure 2.3A), which is
consistent with kinetic fluorescence quantification with the reactions performed in H2O.59
However, the sensitivity of kinetic fluorescence quantification decreases with increasing reaction
temperature.62 Control experiments performed with TBA-MDA in DMSO/H2O (Figure 2.3) and
in H2O (Figure 2.4) showed that TBA-MDA fluorescence activity decreases with increasing
solution temperature. It is noted that such temperature dependence of TBA-MDA fluorescence is
highly reproducible, and the TBA-MDA UV-vis are essentially independent of the solution
temperature (Figure 2.3B and Figure 2.4A). These observations have two important implications.
First, the temperature dependence of the fluorescence intensity is due to the reduced fluorescence
quantum yield at elevated temperature, but not to the reduced light absorption. Second, the TBAMDA is highly stable in solution during these temperature ramping studies. Reduced fluorescence
quantum yield with increasing solution temperature has been commonly observed in literature.63–
74

Multiple pathways including enhanced external conversion, internal conversion, and intersystem

crossing have been proposed to explain these experimental observations.70,75,76 Regardless of the
mechanistic origins for the fluorescence temperature dependence for specific fluorophore, the
competing temperature effects on assay sensitivity and efficiency is likely a common phenomenon
in kinetic fluorescence quantification. Therefore, a systematic experimental study on the
temperature effect is important for the design and optimization of kinetic fluorescence
quantification.
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Figure 2.4

2.5.3

Temperature-dependent UV-vis spectrum and (B) fluorescence spectrum of 1 M
TBA-MDA in water. (C) Comparison of the temperature dependence of the TBAMDA UV-vis and fluorescence peak intensity. Temperature dependent
measurements are repeated twice for the same TBA-MDA sample by ramping up
and down the solution temperature.

Calibration Sensitivity, LOD, and Linear Dynamic Range (LDR)
The sensitivity, LOD, and LDR of the kinetic fluorescence quantification of MDA using

the TBA/MDA reaction in DMSO/H2O cosolvent were determined using external standard
calibration (Figure 2.5). The linear kinetic fluorescence region for all the calibration samples is
from ~1.2 minute to ~2.0 minutes (Figure 2.5A and 2.5B), indicating an assay efficiency of 2 mins
in terms of the time required to complete the needed kinetic fluorescence acquisition. This assay
efficiency is three times better than the 6 mins for the TBA/MDA reaction in H2O,59 and it
represented the most rapid MDA assay reported in literature. The LOD of the kinetic fluorescence
detection of MDA in DMSO/H2O is about 0.9 nM, more than five folds superior to the 5 nM
demonstrated in earlier work.59 This LOD concentration is calculated using the equation of 𝑆𝐿𝑂𝐷 =
̅
𝑆𝑏𝑙𝑎𝑛𝑘
+ 3𝜎𝑏𝑙𝑎𝑛𝑘 , where 𝑆𝐿𝑂𝐷 is the slope of the kinetic fluorescence of the TBA/MDA reaction
̅
solution with predicted MDA LOD concentration. 𝑆𝑏𝑙𝑎𝑛𝑘
and 𝜎𝑏𝑙𝑎𝑛𝑘 are the mean and standard
deviation of the slope of the kinetic fluorescence of the blank reaction solutions (TBA in
DMSO/H2O). The higher kinetic fluorescence sensitivity in DMSO/H2O than that in water is
consistent with the high TBA-MDA fluorescence intensity in DMSO/H2O cosolvent.
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Figure 2.5

Kinetic fluorescence of the reaction solutions of MDA standards and 205.2 mM
TBA in DMSO/H2O (50%:50%, v:v) cosolvents. The concentration of the MDA
standards are 0 nM, 5 nM, 10 nM, 20 nM, 50 nM, and 100 nM, respectively. (B)
Linear curve-fitting of the kinetic fluorescence from 1.25 to 2 mins. (C) Linear
calibration curve between the slope (dots) of the kinetic data and the MDA
concentration.

It is possible to further the kinetic fluorescence efficiency for MDA quantification in
DMSO/H2O cosolvent by increasing TBA concentration. The TBA solubility of DMSO/H2O is
~252 mM at room temperature, but is soluble at 60 C, the TBA/MDA reaction temperature is
much higher. However, increasing the assay efficiency also reduces accelerating period of the
kinetic fluorescence signal that precedes the linear time course region. If the reaction is too fast,
the accelerating time region can be too short for the kinetic fluorescence detection using the
spectrofluorometer without stop-flow accessories.
While the assay efficiency depends mostly on the TBA/MDA reaction conditions (TBA
concentration, temperature, and acid concentration), the calibration sensitivity (the slope of the
calibration curve), LOD, and LDR, all depend critically on the instrument settings used for the
kinetic fluorescence measurements. Such settings include the integration time, excitation and
detection wavelengths, and monochromator slit widths. Under specific combination of excitation
and detection wavelengths, the calibration sensitivity and LOD improves with increasing
excitation and detection slit width, and the integration time. However, the effect of measurement
44

condition on the assay LDR is more complicated. While the lower limit of LDR is defined by the
method LOD, the upper LDR limit is dictated by either the instrument linear response limit which
is nominally 2,000,000 counts for the used Fluoromax-4 instrument, or by the on-set of the sample
inner filter effect (IFE) that appears when the combined absorbance of TBA/MDA reaction
solution at the excitation and detection wavelength surpasses 0.05.39 The 50 nM upper LDR limit
shown the calibration curve in Figure 2.5 is due to the instrument linear response limit. The
relatively low upper LDR limit is due to the large slit with (28 nm) of detection monochromator
used in the spectral acquisition. By reducing slit width of the detection monochromator, this upper
LDR limit can be raised to 1 M or higher. The ultimate upper limit of the kinetic fluorescence
quantification is the threshold MDA concentration above which the sample IFE becomes
significant. Severe sample IFE can lead to monotonic fluorescence intensity reduction (Figure 2.6)
as the reaction proceeds to a degree that the collective absorbance at the excitation and detection
wavelength passing a certain threshold value defined by the instrument geometry and the cuvette
pathlengths.39

Figure 2.6

(A) UV-vis and (B) fluorescence spectrum of TBA/MDA reaction. The MDA
concentration in both is 10 µM. (C) Time-course spectrum of UV-vis (black) and
fluorescence (red) spectrum at the peak intensity.
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2.5.4

Kinetic Fluorescence Quantification of MDA in Ground Beef

Figure 2.7

(A) Photograph and UV-vis extinction spectra of the as-obtained beef extract
prepared with the displaced ground beef. (B) Kinetic fluorescence of the reaction
solutions of TBA and beef extracts with different amount of added MDA standards.
(C) As-acquired data and linear curve fitting of the kinetic fluorescence in the linear
time course regions. The kinetic data in (B) and (C) are offset for clarity. (D) Linear
curve-fitting for standard-addition quantification of MDA concentration in the beef
extracts using Eq. 2.4.

When applied for practical samples with unknown matrix compositions, analytical
methods using standard addition calibration is more robust against matrix interferences than the
technique using external standard calibrations. Our initial kinetic fluorescence quantification of
MDA in practical samples (a canned Chicken-in-water) were performed using external standard
calibration in combination with a sample volume variation (SVV) method.59 This SVV approach
was developed based on the experimental observation that when the sample is sufficiently diluted,
the matrix-containing and -free samples have the same signal response.59
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The effectiveness of standard addition for the kinetic fluorescence quantification of MDA
is performed with a ground beef extract sample (Figure 2.7). The sample matrix in the extract from
the ground beef, a red meat, is presumably much more complicated than that in the supernatant of
the canned chick-in-water sample we used before. The intense UV-vis peak is due most likely to
the light absorption by the myoglobin heme groups. Further, since only paper filter is used in
separation of beef extracts from the meat, there are likely large particulates in the beef extracts.
The specified particle retention of the filter paper is somewhere between 5 and 10 m. In contrast,
the extracts used for quantifying MDA in the canned chick-in-water was filtered through a
membrane filter with a pore size of 100 nm in diameter.59
The excellent linearity between the slopes of kinetic fluorescence and added amount of
MDA standard (Figure 2.7) among the samples differing only in the amount of the added MDA
standards signals the effectiveness of this standard addition method. The concentration of MDA
originated from the beef extract in the standard-added solutions is 47545 nM, which was
calculated using Eq. 2.4. The amount of MDA in the ground beef deduced from the standardaddition calibration is 28227 ng/g, which is below the 1000 ng/g acceptance level proposed in
literature.77,78
It is noted that the as-obtained beef extract was diluted by at least 50 times in the
TBA/MDA reaction solution. Earlier work with artifical matrix chemical and optical interferents
shown that sample dilution can be highly effective for mitigating the matrix effect.59 The
effectiveness of the kinetic fluorescence quantification with standard addition for beef extracts
indicates that there is no significant matrix interference after the sample dilution, or the matrix
effects among these standard-added samples are approximately the same. To address this question,
we compared the MDA concentration (Figure 2.7) predicted with the standard calibration and that
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with the external standard calibration in combination with SVV method (Figure 2.8). The fact that
three reaction solutions containing small sample volumes (20 L, 30 L, and 40 L) gives similar
MDA concentrations showed that the matrix interferences are negligibly small in the reaction
solutions where the as-obtained beef extract were diluted by a factor of 150, 100, and 75,
respectively (Figure 2.8). Conversely, the lower MDA concentration predicted with the reaction
solution containing 70 L and 80 L beef extracts is due most likely to the increased matrix
interferences.

Figure 2.8

(A) Kinetic fluorescence of reaction solutions of TBA mixed with different volumes
of the beef extract. (B) Kinetic fluorescence in its linear time-course region (1.25
min to 2 min). (C) Predicted MDA concentration using the external calibration curve
shown in Figure 2.5.

The main hurdle limiting the application of kinetic spectroscopic method for practical
biological samples is its susceptibility to matrix interference. The successful kinetic fluorescence
quantification of MDA in the ground beef extract demonstrated in this work and in the canned
chicken used in our earlier work demonstrated that with adequate sample dilution, the matrix
interference in practical sample can be mitigated to a negligible degree. Since MDA concentration
in biological samples such as meats and human urine are usually in sub- to low-M range,34,77 far
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exceeding the sub-nM limit-of-detection of the kinetic fluorescence method, a dilution factor of
100 or more can be readily applied without jeopardizing the MDA detectability.
2.6

Conclusions
The effect of differing conditions on the TBA/MDA reactions (solvents, temperatures, and

TBA concentration), methods of calibrations, and settings of kinetic data acquisition have been
systematically evaluated on the efficiency, sensitivity, and robustness against matrix interferences
for kinetic fluorescence MDA quantification efficiency. Among the explored solvents,
DMSO/H2O (50%:50%, v:v) is the most effective solvents for MDA assay that requires both high
assay sensitivity and efficiency. The total assay time, from the addition of the biological extracts
to the TBA in DMSO/ H2O (50%:50%, v:v) preheated to 60 C to the completion of the needed
kinetic fluorescence measurement, is less than 2 mins. This unprecedented rapid MDA analysis is
more than three times faster than the kinetic fluorescence MDA quantification with the TBA/MDA
reactions performed in water, and forty times more efficient than the current equilibrium
spectroscopic quantifications.
When used in combination with the sample dilution, both the standard addition and external
standard calibrations are effective for kinetic fluorescence of MDA in practical samples. The
external calibration is a preferable calibration method for applications involving two or more
samples since external calibration allows high assay throughput, as one calibration curve can be
used for multiple unknown samples, instead of multiple standard-added samples for every
unknown. We expect the kinetic fluorescence MDA quantification developed in this work would
be broadly adopted in food industry and biological research for lipid peroxidation study.
Furthermore, the successful kinetic fluorescence quantification of MDA in challenging solid tissue
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samples (ground beef) should stimulate more efforts on converting slow equilibrium fluorogenic
assays into rapid kinetic fluorescence quantification of biomarkers for time-sensitive applications.
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